Deciphering biodistribution, biokinetics, and biological effects of nanoparticles (NPs) in entire organs with cellular resolution remains largely elusive due to the lack of effective imaging tools. Here, light sheet fluorescence microscopy in combination with optical tissue clearing was validated for concomitant three-dimensional mapping of lung morphology and NP biodistribution with cellular resolution in nondissected ex vivo murine lungs. Tissue autofluorescence allowed for label-free, quantitative morphometry of the entire bronchial tree, acinar structure, and blood vessels. Co-registration of fluorescent NPs with lung morphology revealed significant differences in pulmonary NP distribution depending on the means of application (intratracheal instillation and ventilator-assisted aerosol inhalation under anesthetized conditions). Inhalation exhibited a more homogeneous NP distribution in conducting airways and acini indicated by a central-to-peripheral (C/P) NP deposition ratio of unity (0.98 ± 0.13) as compared to a 2-fold enhanced central deposition (C/P = 1.98 ± 0.37) for instillation. After inhalation most NPs were observed in the proximal part of the acini as predicted by computational fluid dynamics simulations. At cellular resolution patchy NP deposition was visualized in bronchioles and acini, but more pronounced for instillation. Excellent linearity of the fluorescence intensity−dose response curve allowed for accurate NP dosimetry and revealed ca. 5% of the inhaled aerosol was deposited in the lungs. This single-modality imaging technique allows for quantitative co-registration of tissue architecture and NP biodistribution, which could accelerate elucidation of NP biokinetics and bioactivity within intact tissues, facilitating both nanotoxicology studies and the development of nanomedicines.
* S Supporting Information ABSTRACT: Deciphering biodistribution, biokinetics, and biological effects of nanoparticles (NPs) in entire organs with cellular resolution remains largely elusive due to the lack of effective imaging tools. Here, light sheet fluorescence microscopy in combination with optical tissue clearing was validated for concomitant three-dimensional mapping of lung morphology and NP biodistribution with cellular resolution in nondissected ex vivo murine lungs. Tissue autofluorescence allowed for label-free, quantitative morphometry of the entire bronchial tree, acinar structure, and blood vessels. Co-registration of fluorescent NPs with lung morphology revealed significant differences in pulmonary NP distribution depending on the means of application (intratracheal instillation and ventilator-assisted aerosol inhalation under anesthetized conditions). Inhalation exhibited a more homogeneous NP distribution in conducting airways and acini indicated by a central-to-peripheral (C/P) NP deposition ratio of unity (0.98 ± 0.13) as compared to a 2-fold enhanced central deposition (C/P = 1.98 ± 0.37) for instillation. After inhalation most NPs were observed in the proximal part of the acini as predicted by computational fluid dynamics simulations. At cellular resolution patchy NP deposition was visualized in bronchioles and acini, but more pronounced for instillation. Excellent linearity of the fluorescence intensity−dose response curve allowed for accurate NP dosimetry and revealed ca. 5% of the inhaled aerosol was deposited in the lungs. This single-modality imaging technique allows for quantitative co-registration of tissue architecture and NP biodistribution, which could accelerate elucidation of NP biokinetics and bioactivity within intact tissues, facilitating both nanotoxicology studies and the development of nanomedicines. KEYWORDS: 3D whole lung imaging, pulmonary nanoparticle delivery, 3DISCO, optical tissue clearing, acinar deposition, airway deposition T he superb physicochemical properties of manufactured nanomaterials (NMs) greatly facilitate their increasingly widespread use in medicine and industry, which has led to exponential growth of NM-containing industrial products over the past decades. 1, 2 Large-scale manufacturing of NMs substantially increased the risks for human health especially but not limited to occupational settings, 3 resulting in the release of new guidelines by the World Health Organization (WHO) to protect workers from the potential risks of NMs. 4 In particular, respiratory inhalation of NMs and/ or nanosized ambient particulate matter is a major public concern mainly associated with cardiovascular and pulmonary morbidity and mortality. 5, 6 Meanwhile, a number of noveldesigned nanomaterial-based drugs (nanomedicines such as liposomes and polymers) are currently being evaluated at the preclinical level or have even reached the clinical settings. 7−9 Consequently, extensive scientific efforts have been focused on understanding the fate of NMs in the organism and the underlying pathomechanisms of disease (or diagnostic and therapeutic effects) after respiratory delivery of NMs. 10, 11 Intratracheal instillation and inhalation of NMs was most widely used in animal and human studies on the fate and toxicity of NMs. 11−13 NMs were proved to be able to reach deep into the lung alveolar region and translocate from the lungs to circulation and from there to secondary organs, resulting in dose-dependent oxidative stress and inflammation, which often scales well with organ-delivered surface area dose. 14−16 Most of these studies have been performed with spherical NMs, henceforth referred to as nanoparticles (NPs). Inhaled gold NPs were preferentially found at sites of vascular inflammation in both diseased rodents and humans examined using high-resolution inductively coupled plasma mass spectroscopy (ICP-MS) and Raman microscopy. 17 Thus, distribution, localization, and dosimetry of NPs within whole organs and even whole organisms are of paramount importance for understanding the link between physicochemical characteristics of NPs and associated health effects. 18−20 Currently available in vivo imaging techniques offer gross anatomical distribution of NPs using, for example, X-ray computed tomography, magnetic resonance imaging (MRI), in vivo imaging system (IVIS), positron emission tomography (PET), single photon emission computed tomography (SPECT), and photoacoustic imaging. 2, 9 However, these modalities are often unable to resolve biological interactions of NPs with tissue and are limited to visualizing NP localization at cellular resolution. To achieve this goal, several common ex vivo assays, including transmission electron microscopy (TEM), 2D stereological methods, flow cytometry, and ICP-MS, were applied to examine and/or quantify NP localization and distribution at cellular resolution, but the information on 3D tissue architecture was totally destroyed. 20−22 Currently, no available technique is able to both visualize the spatial distribution of NPs and quantify their accumulated dose in entire organs (e.g., lungs) with cellular resolution.
Moreover, understanding the spatial distribution and biokinetics of NPs with cellular resolution at the whole organ level has also significant implications for NP-based drug delivery (e.g., nanomedicines). 8, 23 For instance, the delivery of nanomedicines into diseased regions of the lungs via inhalation is of central importance for therapeutic efficacy and pharmacokinetics. 3D imaging of whole diseased organs could provide both qualitative and quantitative data on nanomedicine delivery to the sites of disease (e.g., lung cancer or alveolar region for the treatment of lung emphysema), and thus verify the targeting efficacy of novel-designed nanomedicines. 2, 9, 24 As mentioned above, current imaging methods with cellular resolution rely on tissue sectioning. Alternatively, in order to observe the 3D imaging maintaining the integrity of tissue architecture, tissues ideally should be imaged as a whole organ or whole body without sectioning. However, biological tissues generally have strong light absorption and light scattering, which hamper light penetration, leading to low resolution and imaging depth. 25 Recently, the concept of optical tissue clearing attracted major interest, as it essentially renders tissues transparent, enabling 3D imaging of intact tissue using confocal laser microscopy and two-photon microscopy. 25, 26 The more recent emergence of light sheet fluorescence microscopy (LSFM) has revolutionized several fields of research, primarily neurobiology and embryology, since this 3D imaging method allows unraveling of molecular and cellular events at the whole organ level (e.g., the brain and embryo). 27, 28 Allowing multiwavelength imaging of endogenous fluorescence proteins, immune-labeled biomolecules, and intravenously delivered probes, LSFM permits 3D imaging of tissue structure such as vascular system, neurons, axons, glomerulus, etc., offering more accurate data of tissue morphology and physiological or pathological state compared to the traditional 2D histomorphological method. 29, 30 High scattering effects in the lung due to the millions of air− tissue interfaces have made the lung a particularly elusive inner organ for LSFM even for small rodent models (mice). Hence, unlike the liver and spleen, there are currently no LSFM data on co-registration of 3D lung morphology and quantitative NP distribution throughout the entire murine lung. 31 This study aims to co-register the lung architecture and quantitative distribution of pulmonary applied NPs in nondissected (whole) and unstained murine lungs by using LSFM after 3DISCO 25 tissue clearing (as a time-saving and highquality clearing method). This study provides a label-free 3D visualization and morphometric analysis of the complete epithelial architecture of an entire murine lung combined with quantitative dosimetry of fluorescently labeled NPs at the wholeorgan level with cellular resolution. This revealed insights into the effect of different routes of NP application (intratracheal instillation and inhalation) on the pulmonary NP deposition profile.
RESULTS
The method presented here allows for simultaneous 3D mapping of label-free lung morphology and pulmonary distribution of fluorescent NPs. This requires bichannel imaging of optically cleared lungs with one channel optimized for tissue autofluorescence and the other tailored toward the fluorescence spectrum of the NPs under investigation.
3D Visualization and Quantitative Analysis of Whole Lung Morphology. 3D lung morphology and airway architecture were generated from tissue autofluorescence imaged using the excitation and emission (ex/em) filters at 545 and 605 nm, respectively. The degree of transparency of a cleared lung after undergoing the refined 3DISCO protocol is evident from Figure 1a . An example of selected images obtained from sequential planewise illumination of the whole lung using LSFM is depicted in Figure 1b . 3D reconstruction of the entire stack of images allowed for clear identification of the entire airway structure down to generation 16 to 21 and even beyond into the alveolar structure and blood vessels (Figure 1c and Video S1). To categorize the airway segments of the monopodial lung structure of a mouse, an "order"-based terminology as introduced by Wallau et al. 32 is more suitable then generation-based numbering schemes, which are more suitable for dichotomous lungs (e.g., from humans). In an orderbased lung structure, a daughter airway segment can be assigned the same order as its parent segment if its diameter is closer to that of its parent segment or significantly larger than its sister segments. Otherwise, all daughter segments receive an order greater than that of their parent segment ( Figure 1c ). Of note, the original distribution of NPs is expected to be preserved in deflated or unfilled lungs, since potential redistribution of NPs due to wash-down effects when filling the lung is avoided, while the airway diameters of deflated lungs should be corrected for deformation (shrinkage) effects from the bronchioles to the alveoli due to the lack of cartilage. Moreover, lung shrinkage also occurs during tissue clearance, but this effect is expected to be limited to secondary bronchi and higher order generations due to the massive presence of cartilage in the trachea and primary bronchi. Data for originally measured and deflation-corrected diameters of the affected airways (secondary, tertiary bronchus, small bronchioles) and alveolar mean chord length (MCL) are presented in Figure 1d and e for both inflated and deflated lungs. The MCL in the inflated lungs filled with 0.8−1 mL of agar (corresponds to near full inflation of the lung) was determined to be 49.7 ± 10.9 μm, which agrees with the 55.0 ± 12.1 μm obtained from the deflated lung after applying the deformation correction due to the low inflation state. This MCL value is consistent with literature values ranging from 30 to 70 μm in healthy adult mice for varying states of lung inflation. 33, 34 Moreover, the branching angle of airway bifurcations averaged over all airway orders of four lungs was found to be 55.0°± 14.2°( for W57BL/6 mice), which is consistent with the angles around 10°to 100°found in first six airway generations of C57BL/6 mice, 35 but slightly higher but less broadly distributed than 45.6°± 24.3°observed in adult BALB/c mice using contrastenhanced micro-CT. 36 The paramount role of excellent lung perfusion for highquality tissue clearance is evident from lung morphology images (autofluorescence channel). Residual blood due to poor transcardial perfusion of the lung will inhibit light penetration, resulting in "dark regions" near the center of the lung ( Figure  S1a ). Since laser light with larger wavelength is less attenuated and therefore penetrates deeper into tissue, red (or nearinfrared) light allows for more uniformly illuminated images of the 3D whole lung morphology, even for less than perfectly cleared lungs ( Figure S1b ,c). After surface rendering using Imaris, the airway structure becomes even more evident in the red than in the green channel ( Figure S1d ).
In summary, organic solvent-based clearing combined with LSFM imaging preserves the integrity of the lung architecture and thus offers the potential for providing higher accuracy 3D lung morphometry versus conventional sectioning-based, 2D stereological methods.
Effects of Tissue Clearing on Fluorescence Stability of NPs. In general, the 3DISCO clearing protocol involves tissue dehydration, lipid removal, and matching of the refractive index (RI), which is accomplished by treatment with three organic solvents, tetrahydrofuran (THF), dichloromethane (DCM), and dibenzyl ether (DBE). This rather harsh chemical treatment regimen could eradicate the activity of cell-produced fluo-rescence reporter dyes (e.g., fluorescence proteins) and fluorescence-labeled NPs (e.g., by digestion of the polystyrene latex matrix protecting the Sky Blue dye). In this study a timesaving and accurate method was developed for fast checking the stability of fluorescence dyes and tissue shrinkage during and after tissue clearing using an IVIS system, which allowed for ex vivo imaging of whole murine lungs before and after each step of the clearing procedure. This ex vivo imaging method is superior to standard in vitro incubation of fluorophores with each organic solvent, as fluorophores may not dissolve/disperse in and thus separate from organic solvents, leading to inaccurate and biased information. In this study, three types of fluorescent NPs with volume median diameters between 17.6 and 480 nm (Sky Blue (diameter: 480.5 ± 114.5 nm), melamine resin (MF) NPs (474.3 ± 124 nm), and quantum dots (QDs, 17.6 ± 6.7 nm), see Figure S2 for size distributions) were intratracheally instilled into mice, and lungs were harvested, perfused, and spectrophotometrically measured using the IVIS. This analysis of fluorophore stability revealed that the fluorescence intensity of MF NPs was statistically insignificantly decreased during tissue clearing and no significant difference was found between the mixture of benzyl alcohol and benzyl benzoate (BABB) and DBE treatment up to 7 days, indicating that the fluorescence activity of MF NPs is well preserved during the tissue clearing process (Figure 2a and b). Also, the fluorescence intensity of lungs instilled with MF and QDs at a dose of 62.5 μg/lung and 40 pmol/lung, respectively, was over 10-fold higher than the autofluorescence of blank lungs in the NP-specific optical channels ( Figure S3a and b ), which provides a sufficient signalto-background ratio for quantitative NP dosimetry with LSFM imaging as shown below. Moreover, long-term fluorescence stability of MF NPs after 3DISCO processing was observed for up to weeks and even months (Figure 2b and c). In contrast, Sky Blue was degraded ca. 150-fold (according to IVIS) by tissue clearing, resulting in signal-to-background ratios of about 1.5 even for a very high dose of 100 μg/lung, which was too low for reliable NP dosimetry (data not shown). It is also noteworthy that the lungs shrunk after THF treatment by about 37−44% in the projected area with no further shrinkage after 1 day of DBE and/or BABB treatment ( Figure S4 ).
3D Lung Mapping of MF Distribution with Cellular Resolution after Intratracheal Instillation and Inhalation
Application. Numerous studies have been performed on NP− lung interaction after pulmonary delivery of NMs via intratracheal instillation and inhalation. However, potential differences in the distribution of NPs throughout the murine lung depending on the application route are still not sufficiently described. The specific capabilities of tissue clearance reduce tissue−light interactions (absorption, scattering) and allow for co-imaging of (label-free) lung morphology and particle distribution throughout the entire murine lung with cellular resolution (tissue penetration of light is over a few centimeters). In particular, overlaying maximum intensity projection (MIP) images of the NP distribution with the 3D lung structure reveals insightful information regarding the NP deposition pattern. This can be seen in the representative images obtained after intratracheal instillation or inhalation of MF (Figure 3a and b). Not surprisingly, MF was found deposited along the bronchial tree starting from the trachea down to the terminal bronchioles and into the acini for both application routes (Figure 3 and Videos S2 and S3). An acinus is defined as the airways distal of the terminal bronchioles. In mice these are the alveolar ducts and sacculi distal of the bronchio−alveolar duct junction. The 3D distribution pattern of NPs in the airways and acini varied significantly for different application routes. Inhalation exhibited a much more homogeneous NP distribution pattern as compared to the patchier and preferentially central and upper airway and central alveolar deposition pattern for instillation ( Figures 3a,b and S5). Moreover, for inhalation extremely high NP doses were deposited at the end of the trachea and in certain regions of the lower airways appearing as circular drops (ca. 100−200 μm), which are possibly due to redistribution of deposited bulk liquid due to partial blocking of the airway ( Figure S5 ). These features were not as evident for instillation application. When zoomed in or examined under higher magnification (Figure 3c ), MF NPs were found to be mainly located in the small (or terminal) bronchioles but less accumulated in larger airways for both routes of delivery. Acinar deposition was quite different for the two forms of application. While after instillation the centrally located acini receive high doses, which were deposited all over the acini, the peripheral acini receive much lower doses, which were deposited in the entrance area of the acini (Figure 3a , as also shown by the central/peripheral scale; see below). After inhalation centrally and peripherally located acini received similar doses, which were predominately located in their proximal half ( Figure 3b ). Figure  4a and b shed more light on NP deposition in the alveolar septum and smaller bronchioles at cellular resolution after both applications. At this high level of resolution the NP distribution was not homogeneous in the alveolar region (inside acini). At 24 h after instillation we were able to visualize the 3D NP localization in intact lung tissue covering a volume of 1 × 1 × 2 mm 3 (and even bigger volumes like 5 × 5 × 5 mm 3 are possible, data not shown) without fading of fluorescence intensity as a result of highly reduced light attenuation in optically cleared tissue (Figure 4c and Video S4). Confocal imaging can also provide excellent label-free 3D images of NP distribution ( Figure 4d and Video S5), while it is limited by imaging depth (around 60 μm) due to the low autofluorescence of alveoli (indistinct signal over lumen). The NPs had formed larger agglomerates 24 h after both applications as compared to NPs at 0 h (Figure 4 and Figure S6 ), which is likely due to phagocytic uptake and confinement by alveolar macrophages. 37 Spot rendering of MF with Imaris revealed an apparent average NP diameter of approximately 5.5 μm immediately after inhalation ( Figure 3c ). This image analysis is unreliable for instilled NPs due to the patchy distribution of NPs in instilled lungs, limiting the localization of NPs by intensity gating. Moreover, existence of NPs in the esophagus indicated that NPs can be cleared within a few minutes toward the digestive tract by either mucociliary clearance or coughing (Figure 3d and Video S6). 38 Quantitative Analysis of Dose and Regional Deposition of Inhaled MF. It became evident that each lung had a different autofluorescence level due to differences in the optical properties of the lungs, in lung volume, and LSFM instrument uncertainties (despite that the same settings of LSFM were used for all lungs). Here, the average of measured total fluorescence intensity from blank lungs was (11.1 ± 3.33) × 10 10 , and the relatively high standard deviation of 30.2% demonstrates the variations in tissue-induced fluorescence due to lung and instrument variations. Therefore, the correction of the total fluorescence level in each NP-treated lung and subtraction of the lung-specific autofluorescence, which may also depend on the quality of tissue clearance, is a prerequisite for accurate dosimetry from LSFM data (details in SI Method 1). After correction, the average fluorescence signal from blank lungs was (10.2 ± 1.84) × 10 10 with a standard deviation of 18%, representing the substantially improved measurement stability. Also, Figure 5a shows the linearity of a standard curve obtained from mice instilled with known NP doses (R 2 > 0.99). This is further proven by the gradually enhanced mean fluorescence intensity in MIP images containing increasing doses of MF (12.5, 25, 50 μg), as seen in Figure S5a . Poor clearing of tissue due to, for example, incomplete removal of blood during perfusion results in poor light penetration, and hence blurring reduced fluorescence intensity from the NPs, as seen as an outlier of the instilled lung in Figure 5a . The limit of detection is defined as 3-fold standard deviation (3σ) of autofluorescence about the mean autofluorescence level, which serves as a zero point. 39 This yields a detection limit for MF of 1.37 μg, where the 3σ intensity level was converted into mass dose using the calibration curve shown in Figure 5a . Similarly, the autoflouorescence-corrected intensity signal from inhaled lungs can be used to calculate the lung deposited dose. For these three lungs investigated here we found 5.96−7.01 μg, which corresponds to 4.2% ± 1.3% of the inhaled dose (the dose in trachea was excluded). This value was not significantly different from the 8.0% ± 1.8%, which was measured by a more accurate dosimetry method utilizing tissue homogenization (Figure 5b ). 40 Quantitative assessment of the uniformity of NP distribution was performed on two scales, a central/peripheral scale (C/P; ca. 50%:50% in area) and a lobewise level, as described in the Materials and Methods section. The C/P ratio is widely used in clinical lung deposition studies using radiometric imaging. 41 Here we found that inhalation resulted in a very uniform NP distribution as indicated by the C/P of 0.98 ± 0.13, while instillation was characterized by a 2-fold enhanced central deposition (C/P = 1.98 ± 0.37) as determined by slice-by-slice analysis (Figure 6a ). Interestingly, identical C/P ratios were obtained when analyzing not the whole slices of a Z-stack but only the MIP images overlayed onto the 2D projection of lung morphology ( Figure S5) . A more refined, lobewise analysis revealed that around 40% of the delivered NPs reached the left lung (single lobe) for both routes of application with larger variability for instillation. The remainder of about 60% deposited in the four lobes of the right lung with large lobespecific variabilities (Figure 6b ). These differences were largely consistent with differences in lobe volume (see Figure S7b for volume values). Especially instillation of NPs resulted in a volume-scaled NP distribution, as indicated by volumenormalized deposition fractions of unity within experimental uncertainties (Figure 6c ). Similar results were found for inhalation of NPs, with somewhat larger deviations from unity, but still in agreement with unity for each lobe. In instilled lungs there was no significant difference in deposition fraction among all lobes, while in inhaled lungs there were elevated levels of NPs in the superior lobe and middle lobe relative to the inferior lobe (Figure 6c ). Fractional deposition of MF NPs in lung lobes and trachea ( Figure S7a ) for both application routes were also accomplished by this imaging method.
DISCUSSION
Accurate and spatially resolved delivery of NPs in the lungs of animal models is essential for toxicological and drug efficacy studies. Depending on the site of delivery, NPs may induce different types and levels of biological response. 2, 9, 38 For instance, efficacy of a nanomedicine for lung emphysema requires delivery into the alveolar region (acini), while drugs for asthma may be more efficient if delivered to the conducting airways. 42 Unlike the bronchial region, the acini are considered more vulnerable against inhaled NPs since it is not protected by a thick mucus layer. 43 Moreover, the kinetics of NPs is known to be highly dependent on the site of deposition, 44 with alveolar deposition being conducive to translocation into the bloodstream and prolonged residence time in the lung. 45, 46 In spite of the significance of NP distribution in the lung, currently available analytical methods are limited in terms of lung morphology characterization and/or NP dosimetry, especially on the whole-organ level.
The spatially resolved lung imaging method presented here addresses these issues by combining the reduction of light− tissue interactions via optical tissue clearing with LSFM. One of the key elements of this method is a clearing protocol for whole organs which has to be not only highly efficient with respect to time consumption and quality of optical transparency but also gentle enough to maintain tissue integrity and high quantum yield of fluorescent traces under the chemically harsh conditions of tissue clearance procedures. Here the 3DISCO 25 clearing protocol with modifications was used, as it was considered the most effective and time-saving organic solvent-based method (high degree of transparency within hours to days) among the recently developed optical tissue clearing methods including aqueous-based clearing methods (e.g., CUBIC, SeeDB, FRUIT) and hydrogel-based clearing methods (e.g., CLARITY, PACT/ PARS). 26 Tissue clearing has been carried out in both human and animal lungs 28,47 for studies on, for example, the development of human embryo lung airways and branches 48−50 and macrophage infiltration in murine lung tumors. 24 However, there are only very few reports regarding the visualization of the distribution of NPs in intact (nonsliced) organs. For instance the CLARITY protocols have been applied to study NP localization in cleared organs other than lungs (e.g., liver, spleen), 31, 51 and NPs were found mainly retained inside the vessels of a small part of liver tissue (thickness: 1 mm). Compared to the protocols presented here, CLARITY protocols not only are more complicated and time-consuming (days to weeks) but also damage or partially destroy the structural integrity of the organ. 52 A general limitation of the tissue clearing technology is that it requires the availability of fluorescence proteins/ biomolecules, dyes, and/or particles that maintain fluorescence intensity during the entire clearing protocol. For resilience testing of fluorescence tracers an easy-to-use and yet reliable ex vivo imaging method utilizing a low-resolution epifluorescence imaging system (IVIS) was introduced here for simultaneous testing of both fluorophore stability and tissue shrinkage/ expansion during each step of the clearing protocol. In this study, three different types of NPs were tested, and metal-and resin-based NPs (QDs and MF) were found to be sufficiently stable, while polystyrene latex NPs lost their fluorescence intensity. Degradation or bleaching of fluorescence dyes can be minimized by low-bleaching tissue clearing protocols (e.g., aqueous-based clearing protocol CUBIC). There are more than 10 types of clearing protocols reported in the literature, but to the best of our knowledge most of them have not been tested for NPs, yet. We envision that ex vivo tissue imaging using IVIS will be a useful and robust method for selecting suitable dyes and determining tissue shrinkage/expansion during various clearing processes in future research. Moreover, this method may prove to be valuable for optimization of clearance protocols with respect to dye stability and tissue integrity.
Quantitative morphometry of the entire lung with high resolution is a challenge for both in vivo and ex vivo imaging modalities even for small animals such as mice. Simultaneous characterization of both the honeycomb arrangement of millions of alveoli and the intricate structure of the bronchial tree requires high resolution down to <10 μm combined with a large field of view up to centimeters for mice and up to tens of centimeters for humans. Basic structural parameters of the lung such as airway diameter and branching angle, MCL, and wall thickness are commonly used for diagnosing lung disease in both preclinical research and clinical settings. 53 For instance constricted airways are a hallmark of asthma, enlarged MCL indicates lung emphysema, and appearance of both features is known to be associated with chronic obstructive pulmonary disease (COPD). 54,55 By far the most widely used method for lung morphometry with cellular resolution is the design-based 2D stereological methods (histomorphometry and immunofluorescence). 53 This approach, typically performed in HEstained lung sections under a light microscope, allows for quantitative measurements of MCL, alveolar surface to volume ratio, wall thickness, and other parameters using a coherent test line system based on point and intersection counting utilization of the computer-assisted stereological toolbox (CAST). 33 While this method offers colocalization of NPs and tissue structure at cellular resolution, it is time-consuming due to tissue slicing, staining, and slice-by-slice microscopy, resulting in at least partial loss of 3D information. For optically cleared and transparent murine lungs LSFM allows for planewise imaging of the entire, nondissected murine lung at high resolution within a relatively short period of time (tens of minutes to hours depending on resolution). Recently, X-ray-based computed tomography (CT) is widely used for morphometric analysis in both animal models and patients due to its noninvasive and time-saving procedures. 36, 56 However, CT methods (in vivo or ex vivo) are limited in terms of resolution; they typically do not reach cellular dimensions except for ex vivo μCT imaging of fixed lung samples, with a resolution down to a few micrometers. 57 However, for animal models ex vivo LSFM imaging is much more conducive to bioactivity and functional imaging than μCT due to the much wider selection of probes with fluorescence activity than radioactivity. Thus, this study presents a label-free visualization of the entire 3D lung structure with cellular resolution and offers the morphometric analysis of both the entire bronchial tree and the alveolar structure in adult mice based on LSFM data. Airway morphometry and nerve populations in optically cleared lungs were previously visualized and computer modeled using immunostaining and BABB clearing by Scott et al. 47 However, the tissue deformation effect was ignored, which is essential for accurate lung morphological analysis due to the occurrence of lung deformation when the lung is out of the body (lower inflation state) and lung tissue shrinkage during BABB or 3DISCO clearing. 28, 58 The validity of a tissue shrinkage factor correcting for changes in lung ACS Nano Article DOI: 10.1021/acsnano.8b07524 ACS Nano 2019, 13, 1029−1041 morphology due to inflation state was verified by matching the airway diameters of collapsed, unfilled ex vivo lungs with agarfilled, almost fully inflated lungs. In addition, it was shown that the morphometric data on airway diameters (from first order, 1048.5 ± 94.0 μm, to fourth order, 188.0 ± 63.2 μm), branching angle (55.0°± 14.2°), and alveolar dimension (MCL: ∼50 μm) for W57BL/6 mice are in good agreement with literature values. 33, 35, 36 Hence, tissue clearing and LSFM potentially provide the additional insights for whole lung morphometric analysis with cellular resolution including visualization and quantification of bronchial tree, alveolar sacs, and vasculature system. The use of tissue/cell-specific probes (e.g., antibodies, dyes) may even allow for cell-specific imaging on the whole-lung level. 30 This study further demonstrates that 3DISCO tissue clearing combined with multiwavelength LSFM allows for co-registration of NPs and lung morphology, thus yielding a 3D visualization of the NP distribution within the whole murine lungs at cellular resolution. The merit of this technique has been demonstrated by a comparison of the pulmonary NP distribution after instillation and inhalation of NPs. The accurate dosimetry of fluorescent NPs in the lung was obtained from LSFM data, as demonstrated by the linear dose−intensity curve obtained for instilled murine lungs with known NP doses. Application of this dose−intensity curve to lungs receiving an unknown NP dose via ventilator-assisted inhalation revealed that 4.2% ± 1.3% of the inhaled aerosol was deposited into the lungs, which is not statistically significantly different than the 8.0% ± 1.8% measured with an accepted reference method for lung dosimetry, namely, quantitative fluorescence analysis in lung homogenates. 40 Finally, LSFM images provided both qualitative and quantitative evidence for the expected finding that inhalation of aerosolized NPs results in more uniformly distributed pulmonary NP distribution than instillation. In addition to the obviously more patchy NP deposition in instilled lungs (Figure 3a and b ) the quantitative analysis of the ratio of centrally and peripherally deposited NP dose showed that instillation resulted in about a 2-fold enhanced central deposition relative to peripheral deposition (C/P ≈ 2), while inhalation provided a uniform distribution of NPs (C/P ≈ 1). This is to be expected, since liquid bolus application is not expected to reach the peripheral lung regions as well as inhalation of aerosolized NPs, which is known to result in C/P ratios near unity not only in animal models but also in humans. 41 The order of NP deposition among lobes and ca. 40% inhaled aerosols reached in the left lung was determined by the lobewise deposition analysis, which is also consistent with the previous findings that used fluorescent (compressed) lung imaging. 59, 60 Furthermore, after inhalation the acinar deposition showed a strong proximal to distal gradient, where roughly the proximal half received most of the NPs and the distal one much less to no NPs (Figure 3b ). This pattern is of particular interest, because it was predicted by computational fluid dynamics simulations that the proximally located alveolar ducts serve as a filter for particles and strongly decrease any distal deposition. 61 Our data represent the visualizations of the predicted deposition pattern in living animals, and they verify the simulation in vivo. It is obvious that any uneven distribution of NP deposition is highly relevant for therapeutic and toxic effects. We note that some aspects of the NP deposition pattern reported here for mechanically ventilated, deeply anesthetized mice are likely to be different for nonventilated, spontaneously breathing or more mildly anesthetized mice, but the general trend of more spatially uniform NP deposition via inhalation versus intratracheal instillation has also been found in spontaneously inhaling animals. 59, 60 These features represent substantial progress over previously used in vivo and ex vivo optical imaging modalities, which were mainly suitable for the semiquantitative determination of dose and biodistribution of NPs in the tissue due to limitations with respect to strong tissue autofluorescence and poor spatial resolution. 9 For example, cryo-slicing fluorescence imaging 39 can be used for quantitative dosimetry and 3D distribution in murine lungs, but with much worse resolution than possible with LSFM. Other nonoptical imaging techniques for detection of NP biodistribution, quantification, and biokinetics are available at the in vivo (e.g., X-ray-based imaging, SPECT, PET, MRI) and ex vivo levels (e.g., TEM, SEM, flow cytometry, 2D stereology), as summarized in recent reviews. 2, 9, 21, 62 Application of those in vivo methods usually requires expensive instrumentation and the use of radiolabeling and/or contrast agents while providing limited spatial resolution. This greatly restricts observation of biological processes such as cellular uptake of NPs as well as generation of inflammation and reactive oxygen species, which is within reach of the method presented here. On the other hand, the ex vivo histological methods listed above allow for cellular resolution, but they are time-consuming, not suitable for wholeorgan imaging, and insufficient for NP dosimetry. The imaging method for label-free lung morphometry analysis combined with quantitative NP distribution with cellular resolution on a tissue section overcomes some of these limitations, offering deep insights into 3D mapping of NP distributions in large tissue sections and organs with up to ca. 2 cm thickness, exceeding by far previously reported penetration depths. 31 Optical visualization of ultrafine NP and agglomerates (<100 nm diameter) is always challenging using fluorescence microscopy, as explained by two recent reviews. 21, 62 We also note that not only fluorescence but alternative optical modalities such as light scattering can provide 3D imaging of metal NPs in intact and transparent tissues. 63 Future studies should exploit multiple staining probes for multifunctional biological response analysis with time-resolved LSFM to further refine this methodology for NP biokinetics, toxicology, and efficacy studies, facilitating the development of nanotoxicology and nanomedicine.
CONCLUSION
In this study, we presented and validated an ex vivo whole-tissue imaging method for 3D quantitative co-visualization of (labelfree) airway morphology and biodistribution of fluorescent nanoparticles with cellular resolution in murine lungs. Moreover, ex vivo whole murine lung imaging using epifluorescence imaging (here: IVIS) was introduced as a time-efficient and reliable method for analysis of the preservation of fluorescent dyes and lung morphology during the chemically harsh procedure of optical tissue clearing. Here 3DISCO tissue clearing and bispectral light sheet fluorescence microscopy were combined to co-visualize the label-free, entire 3D lung architecture (trachea to alveolar sacs) and pulmonary distribution of fluorescent NPs in nondissected, whole murine lungs (with an imaging depth of 1−2 cm for wavelengths of 500−750 nm). The method allows for quantitative NP dosimetry and reveals clear differences in the biodistribution of NPs applied to the lungs as bulk liquid suspension via intratracheal instillation or as a cloud of droplets (aerosol) via ventilator-assisted inhalation under anesthetized conditions on various resolution levels ranging from central-to-peripheral, to
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Article lobewise, to cellular. Taken together, the approach presented here represents a robust method for single-modality analysis of combined 3D lung morphometry and quantitative biodistribution analysis of fluorescent probes (molecular, NP-bound) for the advanced analysis of biodistribution, biokinetics, and bioresponse analysis of NPs in whole murine lungs or wholetissue sections and even small organisms.
MATERIALS AND METHODS
Materials. Three types of commercial fluorescence-labeled NPs were used for the experiments, namely, polystyrene NPs with the embedded fluorescence dye Sky Blue (ex/em = 670 nm/710 nm; volume median diameter (VMD): 481 nm; Kisker Biotech GmbH, Steinfurt, Germany), MF fluorescence particles (MF, ex/em= 636 nm/ 686 nm; VMD: 474 nm, microParticles GmbH, Berlin, Germany), and Qdot 800 ITK carboxyl quantum dots (QDs with the maximum emission spectrum around 800 nm; VMD: 18 nm, Invitrogen, Ltd., Paisley, UK). The Syke Blue NPs (stock suspension: 10 mg/mL) were found to be unstable in the 3DISCO tissue clearing process and will therefore not appear in any of the images presented below. The MF NPs (stock suspension: 25 mg/mL) were prepared via an acid-catalyzed polycondensation reaction of melamine resin precondensates in the presence of selected fluorescent dyes in the aqueous phase. QDs (stock solution: 8 μM) were made from the crystals of a semiconductor material (CdSeTe), shelled with a ZnS layer, and further coated with a polymer layer with carboxyl surface groups. Hydrodynamic diameter measurement of all three NPs was performed with dynamic light scattering (DLS) using a Malvern Zeta Sizer Nano instrument (Malvern Instruments Ltd., Malvern, UK).
Animal Handling. Mice were housed in individually ventilated cages (IVC-Racks; Bio-Zone, Margate, UK) supplied with filtered air in a 12 h light/12 h dark cycle (lights on from 06:00−18:00). The animals were provided with food (standard chow) and water ad libitum. All procedures involving animal handling and experiments were carried out in accordance with protocols approved by the Regierung von Oberbayern (District Government of Upper Bavaria).
Wild-type C57BL/6 mice (age 16−25 weeks, 6 males and 15 females, weight 20−30 g) were used for these experiments. Twenty-one mice were randomly divided into four groups: MF group (7 mice for instillation and 3 mice for inhalation); QDs group (3 female mice for instillation); Sky Blue group (3 female mice for instillation); and vehicle control group (3 females and 2 males without NPs treatment). For instillation, mice were anesthetized by the intraperitoneal injection of a ketamine and xylazine mixture and intubated by a nonsurgical technique using a 20G cannula inserted into the trachea, as previously described. 39, 64 For intubated−ventilated inhalation exposure, the animals were deeply anesthetized by intraperitoneal injection with a triple combination of medetomidine (0.5 mg/kg bodyweight), midazolam (5 mg/kg bodyweight), and fentanyl (0.05 mg/kg bodyweight) and cannula intubated as described for instillation. The cannula was attached to a mechanical ventilator for mice (flexiVent system, SciReq Inc., Canada) to control their respiration during aerosol inhalation. The flexiVent was equipped with a nebulizer (Aeroneb Lab, small droplet diameter (2.5−4.0 μm), Aerogen Inc., Ireland) for the generation of liquid aerosol droplets consisting of NP suspensions. For each mouse, the nebulizer was filled with 20, 40, or 60 μL of a 12.5 mg/ mL MF suspension (1:2 dilution of stock suspension) and the nebulizer was active for 40 ms per breath during ventilation of the mouse with 120 breaths/min, 400 μL tidal volume, and an inhalation−exhalation time ratio of 2:1. The mouse was sacrificed immediately after NP application by exsanguination (to avoid clearance of NPs from the respiratory tract) and then transcardially perfused with 20 mL of 0.1 M phosphatebuffered saline (PBS) at room temperature for flushing out all of the blood from the lung. Subsequently, the perfusion liquid was switched to the fixation solution 4% paraformaldehyde (PFA) in 0.1 M PBS (10 mL) and then the whole lung plus the esophagus were removed and postfixed in 4% PFA overnight. The harvested organ was kept in 0.1 M PBS until further processing (imaging). Notably, 2 of 7 instilled mice were sacrificed at 24 h after application of MF NPs. Both mice were transcardially perfused with 20 mL of 0.1 M PBS, and then their lungs were filled with 4% PFA for 2 h fixation via the cannula-intubated trachea. Subsequently, the PFA was withdrawn and refilled through the cannula with 0.8−1 mL of warm, 0.1 M PBS-equilibrated 2% agar, which was subsequently cooled to stiffen the lung tissue and thus maintain the inflated state of the lungs. 54 Ex Vivo Whole-Lung Imaging Using IVIS. To examine the fluorescence stability of the NPs and the morphometric integrity of the lung during optical tissue clearance, an efficient, simple, and time-saving (less than 1 min for an ex vivo lung imaging) ex vivo imaging was performed using the IVIS (Lumina II, Caliper/PerkinElmer, USA). Briefly, the entire lung was placed on a holder located centrally in the IVIS with NP-specific excitation and emission filters (for Sky Blue and MF ex/em = 640 nm/Cy5.5 and for QDs ex/em = 640 nm/ICG) for various time points during the tissue clearance procedures. For each time point the fluorescence intensity and the 2D projected geometric area of the lung were determined from the fluorescence/white light images with the Living Imaging 4.0 software (Caliper). The variations in fluorescence intensity and the projected lung area (as a measure of lung morphometry) revealed the degree of resilience of the NPs against chemical degradation during the 3DISCO clearing protocol and morphometric stability (expressed as area shrinkage factor of lung), respectively.
Tissue Clearing and 3D Imaging. Whole-lung clearing was performed according to a modified version of the 3DISCO protocol. 25 Briefly, samples were dehydrated in 10 mL of 50% v/v tetrahydrofuran/ H 2 Whole-lung samples were imaged with an LSFM (Ultramicroscope II, LaVision Biotec) equipped with a sCMOS camera (Andor Neo) and a 2× objective lens (Olympus MVPLAPO 2×/0.5 NA) equipped with an Olympus MVX-10 zoom body, which provided zoom-out and -in ranging from 0.63× up to 6.3×. For whole lungs of mice treated with Sky Blue or MF NPs, light sheet scans were generated with 0.63× zoom magnification (lens+zoom, 1.26× actual magnification) with different excitation and emission bandpass filters (ex/em = 640(30) nm/ 690(50) nm for Sky Blue and MF NPs; ex/em = 640(30) nm/795(50) nm for QDs; ex/em = 545(30) nm/605(70) nm for tissue autofluorescence for lung morphology measurement) with a step size of 10 or 20 μm depending on sample size. Samples were generally imaged with a exposure time of 150 ms, at 100% laser power (80% laser power only used when epifluorescence was overqualified) with the light sheet (thickness 4−24 μm) at different xy widths and numerical apertures (NA) depending mainly on the magnification of the image. Samples were also imaged at magnifications of 8× (Figure 3c ) and 12.6× (Figure 4 ) using a 4−5 μm Z-step. The LSFM imaging time for a whole lung usually takes between tens of minutes and a few hours depending on various parameters including sample size (here stack size ca. 6−10 mm), magnification, light beam (dual or single), and step size. For refractive index matching, the imaging chamber of the LSFM was filled with BABB or DBE, the final clearing solvent used for tissue clearing.
Image Processing and Analysis. The images shown in the figures including single-slice images and maximum intensity projection (a method for 3D data visualization that displays only the voxels with maximum intensity along each optical ray passing through the image stack in the projection image 65 ) images were processed by ImageJ (https://imagej.nih.gov/ij/). 3D volume images and movies with 3D manipulation were generated using Bitplane Imaris (http://www. bitplane.com/imaris/imaris). Lung morphometry such as airway diameter and bifurcation angle was manually segmented and calculated in 3D using Imaris. The alveolar MCL was estimated directly by setting up random test lines consisting of solid lines and dashed lines superimposed on 2D images using ImageJ as described in the literature. 33, 53 The airway diameters and MCL of unfilled lungs should be corrected for deformation effects due to tissue shrinkage during optical clearing and differences in inflation state of the lung. The (1D) shrinkage factor of the former (1.27 for collapsed lung), which was only applied to airspaces from the second-order bronchus to more distal regions (strong cartilage in more proximal regions), was determined from the square root of the 2D area shrinkage factor as measured from IVIS images of the lung before and after tissue clearing. The deflation correction factor, which was applied to the bronchioles and MCL, was determined from the volume ratio of the inflated (0.8 mL agar + 0.3 mL residual lung volume) and deflated lung (0.3 mL), 59,60 yielding 1.54 (=(1.1/0.3) 1/3 ). So the total correction factor applied to the collapsed lung is 1.27 for second-and third-order bronchi and 1.96 (=1.27 × 1.54) for bronchioles and MLC. Surface rendering of the mouse bronchial tree was derived from the autofluorescence signal of the airways of blank (unexposed) lungs in all ex/em channels, and spot rendering of NPs in Figure 3c with a filter size of 5.5 μm were also prepared using Imaris.
Establishment of the Intensity−Dose Standard Curve for NP Dosimetry. Quantitative analysis of the images recorded by LSFM requires accurate assessment of various sources of error including instrument biases and variations of lung optical properties. In order to achieve reliable NP dosimetry, the absolute fluorophore intensity in each NP-treated lung was calculated following total fluorescence correction and subtraction of tissue-induced autofluorescence signal (for detailed descriptions see SI method 1). The dose of fluorescent NPs in a whole lung should be principally proportional to the sum of the absolute fluorescence intensities from all LSFM slices. The conversion factor of the corrected absolute fluorophore intensity to the fluorophore dose can be determined by preparing instilled lungs with known but different amounts of NPs (50 μL of 1:200, 1:100, 1:50, and 1:25 dilutions of MF stock solution). After yielding the desired fluorescence intensity−dose conversion curve (here a linear relationship was obtained), quantitative measurement of the deposited dose in the lungs of mice via inhalation exposure could be achieved. The inhaled NP dose in the lungs of mice via intubated inhalation exposure was determined by differential gravimetric analysis of the nebulizer including connecting tubing to the mouse prior to and after nebulization (here 36.0 ± 8.5% of invested dose can be inhaled), and but only a small fraction of inhaled dose can reach the lung (Figure 4b ).
C/P and Lobewise Distribution Analysis. The regional deposition of NPs in the lung was investigated on two scales, a tworegion (central and peripheral region) and a lobewise approach. For the clinically widely used two-region approach, the area-normalized NP dose in a central and peripheral area is determined from single lung slices added over all slices or from a maximum intensity projection of the entire lung. The central region is defined as the circumferenceshaped matched inner 50% of each lung slice, and the entire lung area in each image (slice) was determined by intensity thresholding. Subtraction of the fluorescence intensity of the central region from that of the total lung region yields the peripheral lung intensity, and the ratio of central to peripheral intensity was analyzed after total fluorescence correction and subtraction of tissue autofluorescence (details in SI method 2) and then normalized to the respective areas according to where I c and I p refer to the absolute NP fluorescence intensities from the central and peripheral regions of lung slices, respectively. A c and A p are the areas in the center and periphery, respectively. Slice-by-slice A c and A p analysis was performed on every fourth slice of each lung stack excluding the top and bottom slices of a stack, which contained predominantly peripheral regions. The overall C/P ratio determined by averaging over all analyzed slices indicates the homogeneity of the dose deposition. C/P close to unity denotes a homogeneous fluorophore distribution in the lung, whereas C/P larger than unity indicates preferential central airway deposition. Moreover, lobewise analysis was also performed to reveal the uniformity of NP distribution among lung lobes for both application routes. First, the entire region outside the lung was automatically set to zero (intensity thresholding), and then the region of interest representing the individual lobe was selected manually based on recognition of the space between two adjacent lobes. Subsequently, the fractional deposition of NPs on all five lung lobes and the trachea was obtained using ImageJ. Uniformity of MF deposition was described as volume-(lung/lobe volume estimated using the Cavalieri principle) 66 normalized intensity signal for each lobe after total fluorescence correction and lobe-specific subtraction of tissue autofluorescence. The volume-normalized deposition fraction is calculated from
where I l and I t refer to the NP-triggered fluorescence intensity from a specific lobe (here: 5 lobes) and the total lung, respectively. Analogous V l and V t are the volumes of a specific lobe and the total lung (without trachea), respectively. Dep V is close to 1 if the NP dose reaching a specific lobe is equal to the fractional lung volume of this lobe. Values larger and lower than unity indicate preferential or reduced NP deposition in this specific lobe.
Fluorescence-Based Analysis of NP Dose in Lung Homogenates. As a reference method for NP dosimetry, we also determined the NP tissue burden in the total lung (all five lobes together), trachea, and esophagus according to a previously described method relying on quantitative fluorescence analysis in homogenized tissue. 40 In brief, tissue samples were homogenized in a homogenizer (Ultra Torrax, 20000 rpm) at a 1:10 (m/v) ratio of tissue to 0.1 M PBS buffer. A standard curve relating fluorescence intensity and NP concentration in lung homogenates was established by using a series of known doses of MF added into the homogenates of blank lung tissue allowing for quantification of the NP dose in the tissue.
Statistical Analysis. The statistical analysis was performed using SigmaPlot version 12.0 (Systat Software GmbH, Germany). Normality was determined using the Shapiro−Wilk test and a visual assessment of histograms. Comparison results from two groups for normally distributed and non-normally distributed data were carried out using a two-sided Student's t test and a Mann−Whitney rank sum test, respectively. Comparisons among multiple groups were performed using a one-way analysis of variance (ANOVA) followed by a pairwise multiple comparison procedures (Holm−Sidak method). All data were presented as mean ± SD. Significances are defined as 0.05 (P < 0.05, *) and 0.01 (P < 0.01, **).
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